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Toxigenic conversion of Vibrio cholerae bacteria results 
from the integration of a filamentous phage, CTXcp. 
Integration is driven by the bacterial Xer recombinases, 
which catalyse the exchange of a single pair of strands 
between the phage single-stranded DNA and the host 
double-stranded DNA genomes; replication is thought to 
convert the resulting pseudo-Holliday junction (HJ) inter- 
mediate into the final recombination product. The natural 
tendency of the Xer recombinases to recycle HJ intermedi- 
ates back into substrate should thwart this integration 
strategy, which prompted a search for additional co-factors 
aiding directionality of the process. Here, we show that 
Endo III, a ubiquitous base excision repair enzyme, facil- 
itates CTXcp-integration in vivo. In vitro, we show that it 
prevents futile Xer recombination cycles by impeding new 
rounds of strand exchanges once the pseudo-HJ is formed. 
We further demonstrate that this activity relies on the 
unexpected ability of Endo III to bind to HJs even in the 
absence of the recombinases. These results explain how 
tandem copies of the phage genome can be created, which 
is crucial for subsequent virion production. 
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Introduction 

Two related tyrosine recombinases, XerC and XerD, are 
encoded in the genome of most bacteria. They serve to 
resolve dimers of circular chromosomes by the addition of 
a crossover at a specific site, dif (Val et al, 2008). Many 
mobile elements exploit the existence of this recombination 
machinery. Indeed, XerC was initially discovered because of 
its role in the maintenance of the monomeric state of 
plasmids (Colloms et al, 1990). Several Integrative Mobile 
Elements exploiting Xer (IMEXs) were subsequently found in 
bacterial genomes (Das et al, 2011a), including phages (Huber 



* Corresponding author. CNRS, Centre de Genetique Moleculaire, 
Batiment 26, Gif-sur-Yvette 91198, France. Tel.: +33 169 823 224; 
Fax: +33 169 823 160; E-mail: barre@cgm.cnrs-gif.fr 

Received: 27 March 2012; accepted: 13 July 2012; published online: 
3 August 2012 



and Waldor, 2002; Campos et al, 2003), cryptic elements 
related to phages or plasmids (Hassan et al, 2010) and 
genomic islands (Dillard and Seifert, 2001). 

Exploitation of Xer is likely to be advantageous to mobile 
elements because the wide distribution of the Xer recombi- 
nases in bacteria and the high sequence conservation of their 
target sites on bacterial chromosomes should permit a quite 
easy extension of their host range (Val et al, 2008; Kono et al, 
2011). However, it requires means to overcome the cellular 
mechanisms that normally restrict recombination to dif sites 
harboured by a chromosome dimer: Xer recombination 
occurs within synaptic complexes containing two molecules 
of each of XerC and XerD, each pair of recombinases 
catalysing the exchange of a specific pair of DNA strands 
(Figure 1A). Coordinated reciprocal switches in recombinase 
activity ensure that only one pair of recombinases is active at 
a time (Hallet et al, 1999). As a result, the reaction proceeds 
sequentially, with a necessary Holliday junction (HJ) 
intermediate. By default, the XerD recombinases are inactive 
and the XerC recombinases promote a low level of HJ 
formation (Figure 1A; Barre et al, 2000). However, it is not 
followed by a switch in the catalytic state of the two pair of 
recombinases (Arciszewska et al, 2000). As a result, HJs 
resulting from XerC-catalysis are rapidly eliminated by new 
rounds of XerC-strand exchanges (Figure 1A; Barre et al, 2000; 
Aussel et al, 2002) . During chromosome dimer resolution, this 
futile recombination cycle is broken by a cell division protein, 
FtsK, which triggers the exchange of a first pair of strands by 
XerD-catalysis (Figure IB; Aussel et al, 2002). 

The cholera toxin genes— the principal virulence factors of 
the deadly diarrhoea-causing bacterium Vibrio cholerae— are 
encoded in the genome of an IMEX, CTXc|) (Val et al, 2005; 
Das et al, 2010, 2011b). CTX<\> is a filamentous bacteriophage 
(Waldor and Mekalanos, 1996). The dsDNA replicative form 
of its genome contains two pairs of binding sites for XerC and 
XerD in inverted orientations, attVl and attV2. In the ( + ) 
ssDNA form of its genome, the one that is packaged in viral 
particles, they fold back to form the stem of a double hairpin 
structure, attV{ + ) (Figure 1C; Val et al, 2005). Lysogenic 
conversion results from the exchange of a single pair of 
strands between attP{ + ) and the dif site of one or the 
other of the two circular chromosomes of V cholerae, 
which is catalysed by the XerC recombinases (Val et al, 
2008). Resolution of the resulting pseudo-HJ by a second 
pair of strand exchanges would lead to the formation of a 
lethal linear covalently closed dsDNA chromosome (Bouvier 
et al, 2005). However, the lack of homology in the overlap 
regions of attV{ + ) and dif next to the XerD cleavage sites 
prevents any potential XerD-mediated strand exchange (Das 
et al, 2010, 2011b). Correspondingly, CTXc|)-integration does 
not depend on the catalytic activity of the XerD recombinases, 
which only play a structural role in the formation of the 
synaptic complex (Val et al, 2008) . The pseudo-HJ is thought 
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Figure 1 Scheme of the different pathways of Xer recombination and their control. (A) Default catalytic state of the Xer recombinases. XerC 
and XerD are depicted by dark and light-shaded ovals, respectively. The nucleotidic positions attacked by XerC and XerD are indicated by black 
and white triangles, respectively. They border the overlap region of the sites, where strand exchanges occur. The 5'-end of the strands 
recombined by the XerC are shown as a black dot. In plasmid and dimer resolution sites, the strand recombined by XerC is shown in red. 
(B) Chromosome dimer resolution pathway. According to current models for the tyrosine recombinases pathway, alternative orders of strand 
exchange are dictated by different arrangements of the synapse. This is indicated in the figure by a different angle between the XerC- and XerD- 
binding sites in the two recombination substrates. (C) CTX(j)-integration pathway. In CTXcj) attP( + ), the strand recombined by XerC is shown 
in blue to indicate the imperfect homology with dif. A loop depicts the unpaired bases in the overlap region of CTXcj) attP{ + ) and the unpaired 
bases in the XerC- and XerD-binding arms are indicated. Two phage DNA copies integrated in tandem are depicted in the bottom scheme, as 
observed in most Cholera epidemic strains ($1 and <I>2). A new dif and inverted attVl and attVl dsDNA sites flank the first copy whereas both 
sides of the second copy are flanked by attVl and attVl. (D) Plasmid dimer resolution pathway. 



to be converted into product by replication (Figure 1C; Val 
et al, 2005; Das et al, 2010). Another important feature of the 
integration process of CTXc[) is its irreversibility, the active 
form of the phage attachment site being masked in the 
dsDNA prophage (Val et al, 2005) . This prevents production 
of new extrachromosomal copies of the phage genome by Xer 
recombination. However, CTXc|) ( + ) ssDNA can be produced 
by a process analogous to rolling circle replication (RCR) in 
cells carrying tandemly arranged prophages (Moyer et al, 
2001). Such phage arrays are found in most V. cholerae 
toxigenic strains (Chun et al, 2009; Mutreja et al, 2011; Das 
et al, 2011a, b), which suggested that their formation could 
be inherent to the mechanism of integration of the phage. 
However, a molecular explanation was still lacking 
(Figure 1C). In addition, it was intriguing to observe that 
XerC catalysed the formation of the pseudo-HJ integration 
intermediate of CTX<|> (Val et al, 2005; Das et al, 2010) since 
its propensity to recycle back HJs to substrate (see Hallet 
et al, 1999; Arciszewska et al, 2000; Barre et al, 2000 for 
dif/dif HJs and Figure 4E for attP{ + )Mfpseudo-HJs) should 
severely decrease the chances for replication to finalize the 
integration process (Figures 1A and C). Recombination 
events are also initiated by XerC during plasmid dimer 
resolution (Colloms et al, 1996). In this case, however, the 
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catalytic state of the Xer recombinases is determined by 
accessory host proteins and accessory sequences flanking 
the recombination sites that direct the formation of a 
synapse with a specific architecture (Figure ID; Colloms 
et al, 1997; Bregu et al, 2002), which supported the 
possibility that additional host factors than XerCD might be 
implicated in the formation and/or resolution of the pseudo- 
HJ integration intermediate of CTXc)) (Figure 1C). 

Here, we took a direct genetic approach to uncover host 
factors that might participate in the toxigenic conversion of 
V. cholerae by CTXc|). We found that nth disruption consider- 
ably reduced the efficiency of integration of the phage. In 
addition, we found that the number of integrated copies of 
the phage genome decreased. The nth gene codes for Endo 
III, a ubiquitous DNA glycosylase/lyase of the base excision 
repair (BER) pathway (Aspinwall et al, 1997; Denver et al, 
2003). However, the catalytic activity of Endo III was not 
required for CTXc|)-integration, nor were other BER enzymes. 
In vitro analysis revealed that Endo III had the so far 
unexpected ability to bind to HJs in general and that it 
displaced XerC from the pseudo-HJ integration intermediate 
of the phage when it bound to it, thereby impeding new 
rounds of XerC-strand exchanges. Taken together, these 
results suggest that Endo III increases the efficiency of 
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integration of CTX<\> by stabilizing its pseudo-HJ integration 
intermediate until its conversion into product by replication 
and that this permits multiple successive integration events. 

Results 

A screen for host factors implicated in CTX<\>- integration 

We previously described a colorimetric assay to monitor 
IMEX integration events in choleme (Das et al, 2010). 
Briefly, the dif site of the largest of the two chromosomes 
harboured by the choleme N16961 El Tor strain, difl, was 
inserted in the coding region of the Escherichia coli lacZ gene 
in such a manner that the produced protein might retain its 
(3-galactosidase activity (Figure 2A). The lacZwdifl was then 
inserted in place of the normal difl site in a N16961 El Tor 
strain in which the endogenous lacZ gene had been deleted. 
This reporter strain gives rise to blue colonies on X-gal media. 
Site-specific integration events into difl disrupt the lacZ::difl 
ORF (Figure 2A), leading to the appearance of white sectors 
(Figure 2B). Using this assay, we demonstrated that RSI, a 
truncated derivative of CTXc|) that lacks the phage morpho- 
genesis genes and the cholera toxin genes, eventually inte- 
grated in 100% of the colonies (Das et al, 2010). This led to 
fully white colonies or colonies with large white sectors 
around a blue star-shaped centre on X-gal plates (Figure 2B, 
normal integration). We reasoned that introduction of RSI in 
a reporter cell in which a host factor implicated in CTXc|)- 
integration was disrupted would lead to the formation of fully 
blue colonies or colonies with small white sectors at the 
periphery of a large blue heart, depending on whether the 
factor was absolutely necessary for integration (Figure 2B, 
fully defective integration) or not (Figure 2B, reduced or slow 
integration) . In both cases, the colonies would be distinguish- 
able from the normal integration pattern, which could serve 
as a screen for host factors implicated in CTXc|)-integration. In 
addition, the procedure could be used to check the homo- 
geneity of the integration defect of potentially interesting 
clones by curing them of the replicative form of RSI and 
subjecting them to a second round of conjugation. 

We implemented this screen in two independent mariner 
transposition libraries of the lacZr.difl reporter strain by 
conjugating a R6K suicide vector harbouring a chloramphe- 
nicol resistance gene and the RSI replication and integration 
region (Das et al, 2010). Conjugants were selected on plates 
supplemented with chloramphenicol and X-gal. We thus 
screened over 24 000 clones, which allowed us to isolate 
four independent clones in which the xerC ORF was 
disrupted and two independent clones in which the mariner 
transposon had inserted within the xerC promoter, 
demonstrating the validity of the procedure (Supplementary 
Table SI). 

Endo III facilitates RS1 -integration 

We isolated five independent clones in which transposition 
disrupted the nth ORF, the gene encoding for Endo III 
(Supplementary Table SI). To confirm this observation, we 
engineered a complete deletion of the nth ORF in the 
lacZ::difl reporter strain. We did not observe any defect of 
proliferation of the Anth cells after conjugation of the R6K 
suicide vector harbouring the RSI replication and integration 
region. However, the conjugants yielded colonies with small 
white sectors at the periphery of a large blue heart 
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Figure 2 Screening for host factors implicated in CTXc|)-integration. 
(A) Scheme of the lacZwdifl allele and of its disruption upon 
RSI -integration. (B) Phenotypes of colonies in which RSI -integra- 
tion was normal (top), fully defective (middle) and reduced or slow 
(bottom). Cells were plated immediately after conjugation to 
mimick the condition of the screen. 



(Figure 2B). In addition, the number of integrated RSI copies 
was smaller in the absence of Endo III: 36% of Anth lysogens 
carried a single integrated RSI copy whereas wild-type 
lysogens always harboured two or more copies of it 
(Supplementary Figure SI). In order to gain a quantitative 
measure of the integration defect of Anth cells, we compared 
the number of integrants 14 h after conjugation (Figure 3). 
Deletion of nth led to a five-fold reduction in the integration 
efficiency of RSI at this time (Figure 3A). Integration was 
fully restored when Endo III was produced from an ectopic 
plasmid under the control of the arabinose promoter, exclud- 
ing any polar effect of the deletion (Figure 3B). 

BER is not implicated in integration 

Endo III is a DNA glycosylase/lyase of the BER pathway. No 
other mutation on the BER pathway was isolated in our 
screen. However, we did not isolate clones in which xerD 
was disrupted, suggesting that the screen might not have 
been exhaustive. Endo III serves to remove damaged pyrimi- 
dines. A second DNA glycosylase/lyase, Fpg, serves to 
remove damaged purines in choleme. We reasoned that 
Fpg could be implicated in the remaining integration events 
observed in Anth cells. However, deletion of fpg did not 
affect RSI -integration whether alone or in combination with 
the nth deletion, highlighting the specificity of action of 
Endo III (Figure 3A). Most bacteria encode for a third DNA 
glycosylase/lyase enzyme, Endo VIII, which is absent from 
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Figure 3 Endo III facilitates V. choleme toxigenic conversion. 

(A) Relative frequency of RSI integrants in BER mutants. 

(B) Frequency of RSI integrants in Anth cells complemented with 
V: choleme Endo III, its K120Q catalytically inactive mutant, E. coli 
Endo VIII or E. coli Endo III. Conjugants were grown overnight 
(14 h) at 37°C in rich media supplemented with chloramphenicol. 
The proportion of fully white colonies (lysogenics) over the total 
number of CmR clones was used to calculate the frequency of 
integrants. Mean and standard deviation of at least three indepen- 
dent experiments. 



V. choleme. Endo VIII is structurally related to Fpg but acts on 
the same substrates as Endo III. Whereas production of E. coli 
Endo III restored a high rate of integration in V. choleme Anth 
cells (Figure 3B), production of E. coli Endo VIII did not 
(Figure 3B), suggesting that the role of Endo III was not 
linked to its action on damaged pyrimidines. Cleavage of 
damaged DNA by Endo III generates 3' unsaturated aldehydic 
ends, which need to be recessed into 3'-hydroxyl ends by 
either Exo III or Endo IV, the respective products of the xthA 
and nfo genes. Neither xthA and/or n/b-deletions reduced the 
efficiency of CTXc|)-integration (Figure 3 A) , further suggesting 



the idea that the catalytic activity of Endo III was not required 
for integration. Correspondingly, production of a form of 
V. choleme Endo III carrying the catalytically inactivating 
mutation K120Q (Thayer et al, 1995) partially comple- 
mented the nth deletion (Figure 3B). Taken together, these 
results indicate that Endo III facilitates RSI -integration in- 
dependently of its normal BER function. 

Endo III directly affects the integration reaction of CTX§ 

Because only RSI was delivered in our screen, we could 
exclude that deletion of nth decreased the amount of ssDNA 
available for integration by influencing transduction, viral 
DNA packaging, phage particle production and/or subse- 
quent re-infection of the cells during colony growth 
(Figure 4A) . In addition, deletion of nth led to a 10 x 
decrease in the frequency of integration of non-replicative 
plasmids harbouring attV{ + ) (Figure 4B) . In this context, the 
only available ssDNA substrate is the one transferred by 
conjugation, excluding the possibility that Endo III affected 
RSI -integration by interfering with the amount of ssDNA 
produced by RCR of RSI (Figure 4A). Finally, deletion of 
nth also reduced the integration of the replication and 
integration region of two CTX$ variants, El Tor and 
Classical, in which production of the RstA relaxase is gov- 
erned by different regulators (data not shown; Safa et al, 
2009). Taken together, these results suggested that Endo III 
facilitated toxigenic conversion of choleme by a direct 
action on the integration process of CTXc|). 

Endo III stabilizes the pseudo-HJ integration 
intermediate of CTX§ 

The Xer recombination reaction leading to the formation of 
attV{ + )/dif pseudo-HJ s can be reconstituted in vitro using 
purified choleme XerC and XerD recombinases and 
annealed oligonucleotides mimicking the attachment site of 
the different CTXc|) variants and their cognate chromosomal 
target (Das et al, 2010). Three steps can be defined in the 
process (Figure 4C): (i) a single strand in each of the two 
recombining sites is cleaved by the XerC recombinases en- 
gaged in the synaptic complex, which generates two 
S'-phosphorotyrosyl recombinase/DNA covalent intermedi- 
ates; (ii) the liberated S'-hydroxyl extremities are exchanged; 
and (iii) they attack the phosphorotyrosyl bond of the partner 
site to form phosphodiester bonds. Each of these steps is 
reversible, leading to an equilibrium (Figure 4C) . 

Here, we used synthetic oligonucleotides that mimicked 
difl and the attachment site of RSI, attP( + ), which is 
identical to the attachment site of the El Tor variant of 
CTXc|). Cleavage of the difl recombining strand and its 
subsequent ligation to its partner strand in a££P( + ) were 
monitored by labelling its 3' extremity: strand cleavage led to 
the appearance of a shorter migration product on a sequen- 
cing gel (Figure 4D, bottom gel, second lane); ligation to the 
partner strand, which was designed to have a longer exten- 
sion on the 5' side of the XerC-binding site, led to the 
appearance of a longer recombinant product (Figure 4D, 
top gel, second lane) . As production of E. coli Endo III fully 
complemented the integration defect of choleme Anth 
cells (Figure 3B), it was initially used for our in vitro 
investigations. 

Addition of Endo III significantly increased the amount of 
detected pseudo-HJ (Figure 4D, top gel, third lane) without 
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affecting the formation of cleaved substrate (Figure 4D, bot- 
tom gel, third lane) . This could result from either an increase 
in the rate of pseudo-HJ formation by XerC-catalysis or from a 
decrease in the rate of the reverse reaction, that is, the 
conversion of attP {-{-)/ difl pseudo-HJs into attV{ + ) and 
difl. To differentiate between these two possibilities, we 
reconstituted a synthetic attP ( + )/ difl pseudo-HJ by anneal- 
ing four oligonucleotides. The oligonucleotide that mimicks 
the ligation of the 5 '-side of the recombining strand in 
attP{ + ) to the 3'-end of the recombining strand in difl was 
labelled on its 5' side: strand cleavage led to the appearance 
of a shorter migration product on a sequencing gel after 
proteinase K treatment (Figure 4E, bottom gel, second 
lane); ligation to its partner strand in the pseudo-HJ, which 
was designed to have a longer extension on the 3' side of the 
XerC-binding site, led to the appearance of a longer recombi- 
nant product (Figure 4E, top gel, second lane). Addition of 
Endo III blocked the conversion of the pseudo-HJ back into 
substrate. 

The same in-vitro activities were observed with purified 
cholerae Endo III (Supplementary Figure S2) . Similarly, the 
K120Q mutant form of the cholerae protein was able to 
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stabilize the pseudo-HJ integration intermediate of the phage 
in vitro, albeit with a lower efficiency (Supplementary Figure 
S2) . Taken together, these results suggest that Endo III facil- 
itates toxigenic conversion by stabilizing the pseudo-HJ 
integration intermediate of CTXc|). 



Endo III binds to HJs independently of XerC and XerD 

Stabilization of the attP/difl pseudo-HJ by Endo III suggested 
that the protein could either specifically interact with the Xer 
recombinases when engaged on a pseudo-HJ or with the 
pseudo-HJ itself, even if it should be partially masked by the 
recombinases. In both cases, we expected Endo III to be able 
to target the XerCD/pseudo-HJ complex. To test this possibi- 
lity, we reconstituted XerCD/pseudo-HJ complexes by pre- 
incubating radioactively labelled pseudo-HJs with an excess 
amount of XerC and XerD. Conditions for full coverage of the 
pseudo-HJs were determined based on the conditions 
required for full coverage of attP and difl dsDNA substrates 
(Supplementary Figure S3). The XerCD/pseudo-HJ complex 
was visualized as a single retarded band in a gel shift assay 
(Figure 5 A, second lane) . Addition of Endo III led to the loss 
of the XerCD/pseudo-HJ band and the progressive accumula- 
tion of a very slow migrating complex (Figure 5A, lanes 3-5). 
In contrast, Endo III did not affect the migration of XerCD/ 
att¥{ + ) or XerCD /difl nucleoprotein complexes (Supple- 
mentary Figure S4). Taken together, these results indicate 
that Endo III can specifically interact with the XerCD/pseudo- 
HJ complex. 

In the absence of XerCD, addition of Endo III also retarded 
the migration of attV{ + )/difl pseudo-HJs, demonstrating 
direct recognition of the nucleotidic part of the XerCD/ 
pseudo-HJ complexes (Figure 5B, second lane). Addition of 



Figure 4 Endo III stabilizes the pseudo-HJ integration intermediate 
of CTXc|). (A) Scheme of the life cycle of CTXc|). 1: adsorption to the 
Toxin-Coregulated Pilus (TCP); 2: conversion of the circular ( + ) 
ssDNA phage genome into its dsDNA replicative form; 3: produc- 
tion of ( + ) ssDNA by RCR; 4: Integration of the ssDNA by Xer 
recombination; 5: production of new extrachromosomal copies of 
the phage genome by a process analogous to RCR between two 
tandem copies of the prophage; 6: encapsidation of the ( + ) ssDNA 
and production of new virions. (B) Efficiency of integration of a 
non-replicative vector harbouring RSI attP. Integration was mon- 
itored directly after conjugation. Mean and standard deviation of at 
least three independent experiments. (C) Scheme of the three 
reversible steps of the recombination reaction leading to the forma- 
tion of the attV/dif pseudo-HJ. Legend is as in Figure 1. (i) XerC- 
mediated cleavage; (ii) exchange of the liberated 5' -hydroxy 1 
extremities; and (iii) self-re-ligation or re-ligation to the partner 
recombining strand. (D) In-vitro equilibrium reached after 4h of 
incubation of a short radioactively labelled difl substrate and a 
longer cold a££P( + ) substrate with the Xer recombinases. The 
shorter migration product reveals cleavage of the recombining 
difl strand. The longer migration product reveals formation of the 
attP/dif pseudo-HJ formation. Unlabelled oligonucleotides cannot 
be directly visualized and do not interfere with the migration of the 
labelled fragments in the denaturing gel. Schemes of substrate and 
products are drawn on the left of the gels. A star indicates the 
position of the radioactive label. Unlabelled oligonucleotides are 
represented as dashed lines. (E) Cleaved and resolved products 
obtained after 1 h of incubation of labelled attP{ + )/dif pseudo-HJs 
with the Xer recombinases. Samples were treated with proteinase K 
to avoid any interference of the covalent S'-phosphotyrosyl bonds 
between XerC and the cleaved fragments in the oligonucleotide 
migration. First and second indicate the order of addition of Endo III 
and of the Xer recombinases. 
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Figure 5 Endo III binds with a high affinity to HJs and to pseudo - 
HJs. (A) EMSA of a#P( + )/difl pseudo-HJs in the presence of XerC 
(150 nM), XerD (100 nM) and increasing concentrations of Endo III 
(0 lane 2, 50 nM lane 3, 100 nM lane 4 and 200 nM lane 5). 

(B) Competition between attP/dif pseudo-HJs and dsDNA, a difl- 
attP( + ) mix, difl/difl HJs and DNA forks for Endo III binding. The 
amount (in mass) of competitor DNA was left constant in each lane. 

(C) Scheme of the attV[ + )/difl pseudo-HJ substrate indicating the 
sequence of the overlap region of the recombining strand that was 
analysed in the T7 Endo I protection assay (D) and in the KMn0 4 
sensitivity assay (E) . The analysed strand is indicated on top of the 
gels and a scheme of the strand is drawn on their left. # indicates the 
XerC strand exchange product. 



an excess amount of unlabelled pseudo-HJs (30-fold excess in 
weight) fully displaced Endo III from radioactive pseudo-HJs 
(Figure 5B, third lane). The complexes resisted similar quan- 
tities of competitor dsDNA (Figure 5B, second lane), further 
indicating that Endo III recognized a peculiarity of the 
attV{ + )/difl pseudo-HJ structure (Figure 5C). However, we 
could exclude that the single mismatch in the XerC-binding 
site, the two contiguous mismatches in the XerD-binding site 
and the small ssDNA loop of attP[ + ) participated in the 
binding of Endo III to the pseudo-HJ because excess amounts 
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Figure 6 Endo III blocks XerC-catalysis on pseudo-HJ and displaces 
it from them. (A) Scheme of the suicide pseudo-HJ indicating the 
mismatch engineered to slow down re-ligation after XerC-cleavage. 
KMn0 4 sensitive residues in the XerC- and XerD-binding a££P( + ) 
arms are indicated by a star. (B) Resolution of attP{-\-)/dif suicide 
pseudo-HJs. Legend as in Figure 4D. (C) DNase I protection and 
(D) KMn0 4 sensitivity assays of the atiP[ + )/difl pseudo-HJ sub- 
strate. The analysed strand was labelled on its 5' end. A scheme of 
the analysed strand is drawn on the left of the gels. KMn0 4 sensitive 
residues in the XerC- and XerD-binding sites are indicated by a star. 



of difl and att¥{ + ) dsDNA substrates were unable to com- 
pete against them for Endo III binding (Figure 5B, fourth 
lane) . In contrast, addition of an excess amount of unlabelled 
difl/difl HJs displaced Endo III from pseudo-HJs, demon- 
strating that it recognized branched DNA structure 
(Figure 5B, fourth lane). Finally, DNA forks did not compete 
against pseudo-HJs (Figure 5B, sixth lane), suggesting pre- 
ferential association to four-way DNA junctions in general. 
Indeed, Endo III retarded the migration of a HJ with arms 
unrelated to difl or attP{ + ) (Supplementary Figure S5) . 

Binding of Endo III to four- way DNA junctions was con- 
firmed by a protection experiment against T7 Endo I: incuba- 
tion of attP[ + )/difl pseudo-HJs with T7 Endo I resulted in 
specific cleavages at their branch point (Figure 5D, second 
lane), which was repressed in the presence of Endo III 
(Figure 5D, third lane). 

Because the bases at the branch point of dif/dif HJs or 
attV{ + )/dif pseudo-HJs are protected from nucleases by the 
binding of XerC and XerD (see Arciszewska et al, 1995, 1997 
and Figure 6C, respectively), we wondered if the capacity of 
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Endo III to bind four-way DNA junctions was sufficient to 
explain its ability to bind pseudo-HJs covered by excess 
amounts of XerC and XerD (Figure 5 A) . Addition of Endo III 
increased the exposure of the bases at the branch point of 
attP[ + )/difl pseudo-HJs to KMn0 4 , a chemical agent that 
preferentially attacks uns tacked thymines (Figure 5E, fourth 
lane). In contrast, binding of XerC and XerD to pseudo-HJs 
did not alter the chemical modification pattern of KMn0 4 
(Figure 5E, second lane). Even though the samples were 
incubated at 4°C, XerC-catalysis was observed (Figure 5E, #), 
demonstrating efficient binding of the recombinases. 
Nevertheless, XerCD binding did not prevent Endo III from 
unstacking the bases at the junction of the four arms of the 
pseudo-HJ (Figure 5E, third lane). 

Taken together, these results demonstrate that Endo III can 
bind four- way DNA junctions and modify the structure 
around their branch point, even if these junctions are initially 
covered by XerC and XerD. 

Endo III binding blocks XerC-catalysis after HJ 
formation 

We next investigated which step of the strand exchange 
reaction catalysed by XerC was prevented by the binding of 
Endo III to the XerCD/pseudo-HJ complex (Figure 4C): 

(i) XerC-mediated cleavage of the recombining strands 
of the pseudo-HJ (strand I and strand III of Figure 5C); 

(ii) exchange of the liberated 5'-hydroxyl extremities; and 

(iii) ;re-ligation to the partner recombining strand. By label- 
ling one of the two recombining strands at its 5' extremity, we 
can detect the amount of cleaved strand that is reached after a 
given time (Figure 4D). However, it only reflects the equili- 
brium between cleavage and re-ligation, whether strand 
exchange has occurred or not. Therefore, any decrease in 
the efficiency of cleavage (Figure 4C, (ii)) could be masked by 
a similar decrease in the efficiency of re-ligation (Figure 4C, 
(iii)). We circumvented this difficulty by using synthetic 
suicide pseudo-HJs that abolish any possibility for self- 
re-ligation and/or ligation to the partner recombining strand. 
As ligation events rely on the possibility to form stable base- 
pair interactions in the immediate vicinity of the cleavage site 
(Das et al, 2010), we reasoned that the introduction of a single 
base-pair mutation in the overlap region of the strand 
complementary to a particular recombining strand would 
be sufficient to achieve this (Figure 6A). Indeed, such a 
substrate considerably decreased XerC-mediated strand ex- 
changes (Figure 6B, top gel, second lane) and led to the rapid 
accumulation of cleaved products (Figure 6B, bottom gel, 
second lane) . Addition of Endo III led to a further diminution 
in the amount of detected strand exchanges, as expected 
(Figure 6B, top gel, third lane). Moreover, it almost comple- 
tely blocked the accumulation of cleaved fragments 
(Figure 6B, bottom gel, second lane), indicating that Endo 
III inhibits the first step of the strand exchange catalysed by 
XerC. In agreement with this result, a lower amount of 
cleaved product was detected in the presence of Endo III at 
early time points, that is, at a time when the equilibrium 
between cleavage and re-ligation had less chances of 
being reach, with the non-suicide version of the attP[ + )/ 
dif pseudo-HJ (Supplementary Figure S6) . 

Finally, we investigated what modifications Endo III could 
operate on the structure of the XerCD/pseudo-HJ nucleo- 
protein complex to prevent XerC-catalysis. To this aim, we 
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subjected attV{ + )/dif\ pseudo-HJs to DNase I digestion 
(Figure 6C; Supplementary Figure S7). XerC and XerD almost 
completely blocked DNase I digestion along the four Xer- 
binding sites and at the branch point of the pseudo-HJ 
(Figure 6C, lanes 2 and 6) . Addition of Endo III considerably 
decreased the protection of the two XerC-binding sites, sug- 
gesting that Endo III could displace the recombinase 
(Figure 6C, lanes 4 and 8). To further probe the changes 
operated in the XerCD/pseudo-HJ complex by the binding of 
Endo III, we made use of two mismatched thymines in the 
a££P( + ) arms of the pseudo-HJ substrate, one in the XerC- 
binding site and one in the XerD-binding site (Figure 6A): 
Endo III rendered both thymines sensitive to KMn0 4 treat- 
ment in naked pseudo-HJs (Figure 6D, lane 4) . However, only 
the thymine of the XerC-binding site remained hyper-reactive 
when pseudo-HJs were covered by excess amounts of XerC 
and XerD (Figure 6D, lane 3). Taken together, these results 
suggest that Endo III can penetrate the XerCD/pseudo-HJ 
complex and can dislodge XerC. 

Discussion 

Endo III is a co-factor required for efficient integration of 
CTX<\> 

We previously demonstrated that XerC and XerD were suffi- 
cient to reconstitute the integration reaction between CTXcJ) 
attV{ + ) sites and V: cholerae dif sites in vitro (Val et al, 2005; 
Das et al, 2010) . However, addition of the recombinases only 
yielded very small amounts of pseudo-HJs (Figure 4D; Val 
et al, 2005; Das et al, 2010). The low efficiency of the reaction 
was not unexpected since it relied on XerC-catalysis, which 
leads to futile recombination cycles between dif sites 
(Figure 1A; Barre et al, 2000). In contrast, comparative 
genomics revealed a rapid and continuous drift in the 
arrangement and combination of the different CTX(\> 
variants harboured by epidemic strains of cholerae (Chun 
et al, 2009; Das et al, 2010; Mutreja et al, 2011), suggesting a 
very efficient integration strategy in the environment. This is 
partly explained by cooperative interactions between CTXfy 
and several other IMEXs (Hassan et al, 2010; Das et al, 2011b) . 
Nevertheless, introduction of CTXc|)-derivatives in cells 
devoid of IMEXs led to fully white colonies or colonies with 
large white sectors around a blue star-shaped centre on X-gal 
plates in our colorimetric integration assay (Figure 2B), 
indicating that the integration strategy of CTXfy was intrinsi- 
cally highly efficient. Therefore, we reasoned that additional 
host factors might facilitate the process. Correspondingly, we 
isolated several V. cholerae transposition insertion mutants in 
which CTXc|) -integration was reduced (Figure 2). The most 
promising mutants corresponded to insertions in the nth ORF, 
which codes for a ubiquitous enzyme of the BER pathway, 
Endo III. Subsequent analysis revealed that Endo III facili- 
tated integration independently of its role in BER (Figure 3) 
and in vitro work demonstrated that it directly participated in 
the first step of the integration reaction of CTXc|), which is 
mediated by XerC-catalysis (Figure 4) . 

A new mechanism to control site-specific 
recombination 

The catalytic activity of Endo III was not required for CTXc|)- 
integration (Figure 2; Supplementary Figure S2), which could 
have suggested a role in the assembly of a synapse with a 
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Figure 7 A model for the role of Endo III in the stimulation of 
CTX^)-integration. CTX<E-integration result from the reversible for- 
mation of a pseudo-HJ intermediate between dif and a#P( + ) by 
XerC-catalysis. The length and width of the arrows indicate which 
of the two opposite reactions is favoured in the absence or presence 
of Endo III. Endo III (hexagons) inhibits XerC-cleavage after pseudo- 
HJ formation because it specifically recognizes and binds to 
four- way DNA junctions. Endo III binding results in the final 
displacement of the XerC recombinases. This might be due to a 
competition between XerC and Endo III for binding to the pseudo- 
HJ (arrow 1). Our results are in favour of a second pathway in 
which Endo III binding to the pseudo-HJ induces structural changes 
that perturb interactions between XerC and the DNA or XerC and 
XerD, leading to its destabilization (arrow 2). 

specific architecture via its binding to accessory sequences 
flanking the core recombination sites. Such a role is played by 
Fis and IHF during phage X integration and by PepA and 
ArgR/ArcA during plasmid dimer resolution. However, Endo 
III does not bind to specific DNA motifs and the DNA 
molecules employed in our in vitro reactions lacked any 
homologies with the phage ( + ) ssDNA and the genomic 
DNA of V. choleme apart from the a££P( + ) and difl sites. 
Indeed, our study unveiled a novel mechanism for the control 
of DNA site-specific recombination (Figure 7) : we found that 
Endo III did not promote formation of the pseudo-HJ integra- 
tion intermediate but rather stabilized it by impeding new 
rounds of strand exchanges by XerC-catalysis once it had 
been formed (Figure 4). Using a suicide pseudo-HJ DNA 
substrate, we further showed that Endo III inhibited pseu- 
do-HJ resolution by blocking its cleavage by XerC (Figure 6). 
We observed that Endo III exclusively associated with the 
XerCD/pseudo-HJ nucleoprotein complex and not with the 
XerCD/a££P( + ) or XerCD/dif complex (Figure 5; Supplemen- 
tary Figure S4), which explains why the XerC-strand ex- 
change leading to the formation of the pseudo-HJ was left 
unaffected. 

This mechanism is reminiscent of the mode of action of 
small peptide inhibitors of phage X site-specific recombina- 
tion, which were isolated by screening synthetic combinator- 
ial peptide libraries (Klemm et al, 2000) . These peptides trap 
HJs by binding in the centre of the recombinase-bound DNA 
junction and interacting with solvent-exposed bases near the 
junction branch point. Correspondingly, we observed that 
Endo III recognized four- way DNA junctions independently 
of XerC and XerD and of any specific sequence (Figure 5B; 
Supplementary Figure S5). Endo III is monomeric whereas 
proteins binding to HJs are generally multimeric (Declais and 
Lilley, 2008; Vitoc and Mukerji, 2011). Future work will 
be needed to solve the exact mechanism of recognition of 
four-way junctions by Endo III. 

How Endo III achieves XerC-cleavage inhibition also 
remains to be more extensively explored. Enzymatic DNA 



footprints suggest displacement of the XerC recombinases 
from their specific DNA-binding sequences on the pseudo-HJ 
(Figures 5 and 6). However, pre-incubation of pseudo-HJs 
with Endo III before the addition of the Xer recombinases did 
not potentiate resolution inhibition (Figure 4E, lanes 3 and 
4), indicating that Endo III does not directly compete with 
the recombinases for DNA binding (Figure 7, arrow 1). 
Therefore, we favour the idea (Figure 7, arrow 2) that Endo 
III can bind to pseudo-HJs covered by the Xer recombinases 
(as suggested in Figure 5A), induce DNA structure changes 
in the central region of the pseudo-HJs (as suggested in 
Figure 5E), which eventually inhibits the catalysis of the 
recombinases and promotes their dissociation. As XerC dis- 
plays a much weaker affinity for dif and attP than XerD 
(Supplementary Figure S3), the primary effect of Endo III 
binding would be the loss of XerC-catalysis (as suggested 
in Figure 4) and its subsequent dissociation (as suggested in 
Figure 6). 

Implications for our understanding of the life cycle of 
CTX<\> 

The replicative form of CTXfy is not stably propagated. In 
addition, CTX<\> attV{ + ) is a complex site, which is created by 
the folding of its ( + ) ssDNA genome. As such, it is expected 
to be a very transient structure in the cell: packaging of the 
( + ) ssDNA genome of CTXfy into new virus particles and 
conversion into dsDNA limit the amount of substrate that is 
available for integration, which probably explains the crucial 
importance of Endo III for CTXc))-mtegration (Figure 3A). 
Correspondingly, we did not observe any effect of the nth 
deletion on the integration of VGJ(|), an IMEX that displays a 
very different life cycle than the one of CTXc|), using our 
in vivo suicide integration assay. Similarly to CTXc|), VGJ(|)- 
integration results from a single pair of strand exchanges, 
which is catalysed by XerC, and the resulting pseudo-HJ 
needs to be converted into product by replication (Das 
et al, 2011b). However, the attachment site of VGJ(|) is 
found on the dsDNA replicative form of the phage, which is 
stably maintained (Das et al, 2011b). This allows for repeated 
events of synapsis and strand exchange to occur, masking any 
possible effect of Endo III on the life time of the VGJc|) pseudo- 
HJ integration intermediate. 

A drawback to the integration strategy of CTXfy is that the 
replicative form of the phage cannot be generated by proph- 
age excision, which would eventually stop virion production 
(Figure 4A; Val et al, 2005). However, most cholerae 
toxigenic strains harbour tandemly arranged copies of the 
prophage (Chun et al, 2009; Das et al, 2011a, b; Mutreja et al, 
2011), which permits production of new ( + ) ssDNA by a 
process analogous to RCR (Figure 4A; Moyer et al, 2001). To 
date, it was unknown how these tandem copies were 
generated. They could result from a single integration 
event, the phage DNA being duplicated by an uncharacteriz- 
ed DNA repair and/or replication event, or from multiple 
successive integration events (Figure 1C). Our observation 
that the number of integrated copies was reduced in Anth 
cells compared with nth+ cells (Supplementary Figure SI) is 
in favour of the latter scenario since the average number of 
integrated copies should have been independent of the 
efficiency of integration if the former hypothesis had been 
correct. We conclude that Endo III permits the formation 
of tandem prophage arrays by increasing the chances 
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for success of independent integration events, which is 
crucial for the dissemination of new phage particles in the 
environment. 

Possible implications of Endo III in other recombination 
processes 

Both in vivo and in vitro, E. coli Endo III had the same 
properties than its V. choleme orthologue in terms of 
HJ-binding and Xer recombination regulation (Figure 3; 
Supplementary Figure S2). Therefore, it is very likely that 
Endo III also serves as a co-factor in the integration of 
enterobacterial IMEXs that are related to CTXfy, such as 
CUS-1(|> (Gonzalez et al, 2002) and Ypfc|> (Derbise et al, 
2007). Endo III was also able to impede the resolution of 
difl/difl HJs by XerC-catalysis in vitro (Supplementary 
Figure S8), raising the possibility that it could act on the 
integration intermediate of IMEXs that would be unrelated to 
CTXc|). We observed that deletion of nth did not dramatically 
affect the integration of VGJc|), a representative of a second 
category of IMEXs found in cholerae (Das et al, 2011a). 
Nevertheless, it will be important to address the possible 
implication of Endo III in the integration strategies and life 
cycles of the other classes of IMEXs that are yet to be 
explored, such as Neisseriales genomic islands (Dillard and 
Seifert, 2001) and cryptic elements related to phages or 
plasmids (Hassan et al, 2010). In addition to CTXc|) and 
CTXc|)-related phages, several mobile elements rely on a 
recombination event between ssDNA and dsDNA 
molecules. As Endo III targets four-way DNA junctions 
independently of the presence of XerC and XerD, it is 
tempting to speculate that it might participate in the 
processing of several such elements (Figure 5; Supple- 
mentary Figure S5). In particular, it would be interesting 
to study the possible implication of Endo III in the integration 
of integron cassettes, which is most similar to the integration 
strategy of CTXfy since it relies on the formation of a 
pseudo-HJ between the ssDNA attachment sites of the cas- 
settes and their dsDNA attachment site on the host genome 
by a tyrosine recombinase (Bouvier et al, 2005; MacDonald 
et al, 2006) . Finally, our observation that Endo III, which is 
shared by most organisms, including humans (Aspinwall 
et al, 1997; Denver et al, 2003), binds to HJs in general 
(Supplementary Figure S5) provides a direct connection 
between BER and recombinational repair. Such a connection 
might not be fortuitous since homologous recombination 
and BER are both required for fork progression through 
alkylated DNA (Vazquez et al, 2008). Thus, it is tempting to 
propose that Endo III might participate in the balance 
between the different processes that take care of HJs in 
the cell (Chen et al, 2001; Wu and Hickson, 2003; Ip et al, 
2008; Taylor and McGowan, 2008; Andersen et al, 2009; 
Fekairi et al, 2009; Svendsen et al, 2009; Wechsler et al, 
2012). 

Materials and methods 

Strains, plasmids, oligonucleotides and proteins 

Strains, plasmids and oligonucleotides are described in 
Supplementary Tables S2, S3 and S4, respectively. All V. cholerae 
mutants were constructed by allele exchange methods using deri- 
vatives of a suicide vector carrying rpsL as a counter selectable 
marker (Skorupski and Taylor, 1996; Philippe et al, 2004). 
Engineered strains were confirmed by PCR and sequencing. For 
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ectopic complementation, the ORFs of E. coli nth, E. coli nei and 
V: cholerae nth were cloned downstream of the arabinose promoter 
on a pSClOl derivative. The K120Q mutation of Endo III was 
introduced by site-specific mutagenesis. All the oligonucleotides 
that served to create synthetic recombination substrates were 
purified by PAGE. T4 DNA polynucleotide kinase and [ 32 P] y-ATP 
were used for 5'-end labelling of oligonucleotides; Klenow exo- and 
[ 32 P] a-dCTP were used for 3'-end labelling. XerC and XerD were 
prepared as previously described (Das et al, 2010, 2011b). E. coli 
Endo III, T7 endo I and Dnase I were purchased from New England 
Biolabs. V. cholerae Endo III and the K120Q mutant were produced 
in JM101 strains. Cells were grown at 37°C until OD 60 onm 0-5 then 
induced with 0.5 mM IPTG for five additional hours. Cells were 
collected and re-suspended in 40 mM Hepes (pH 7.5), 250 mM NaCl, 
1 mM EDTA, 1 mM DTT and 5 % glycerol, treated with lysozyme 
for 45min on ice and broken with a Carver press. Lysates were 
sonicated and cleared by centrifugation for 45' at 25 000 g. The 
proteins were purified on a AKTA purifier system, using HITRAP 
MonoQ, Heparin HP MonoS 5/50 GL columns (GE Healthcare). 
They were stored in 25 mM Tris-HCl pH 7.4, 250 mM NaCl, 1 mM 
DTT, 0.1 mM EDTA and 20% glycerol at - 20°C. Protein purification 
was estimated to be over 95 % according to Coomassie blue staining 
(Supplementary Figure S9). Protein concentrations were evaluated 
by the Bradford methods using BSA as a standard. 

Mariner transposon-mutagenesis, screening and mutant 
characterization 

Over 162 000 clones were pooled in mariner transposon-mutagen- 
esis bank of the cholerae reporter strain. Each bank was con- 
jugated with a chloramphenicol resistant (CmR) derivative of RSI 
and individual colonies were selected on X-Gal, IPTG and chlor- 
amphenicol plates after 24 h of growth at 37°C. Candidate clones 
were cured from RSI by overnight growth in the absence of 
antibiotic and their integration defect was quantitatively monitored. 
The insertion was mapped by direct sequencing of the DNA flanking 
the point of insertion of the mariner transposons, which was 
amplified by arbitrary-random PCR (OToole and Kolter, 1998). 

In-vivo integration assays 

In order to compare the efficiency of integration of RSI in different 
genetic backgrounds, we monitored the proportion of fully white 
colonies (lysogenics) over the total of number of CmR clones 
present in LB cultures that were grown at 37°C for 14 h after RSI 
conjugation. The frequency of integration of a suicide CmR vector 
harbouring af£P( + ) was calculated as the number of CmR clones 
per number of conjugants. Co-conjugation of a replicative pSClOl 
vector carrying an ampicillin resistance gene was used to estimate 
the total number of conjugants. 

In-vitro assays 

The standard reaction buffer contained 25 mM Tris-HCl (pH 7.4), 
100 mM NaCl, 1 mM EDTA, 0.1 ug/ml BSA, 150 nM of XerC and 
100 nM of XerD. Recombination reactions were performed in the 
presence of 5nM of each of the cold and radioactively labelled 
recombination substrates and 40% glycerol. They were incubated 
for 3 h at 37°C. HJ-resolution assays were performed in the presence 
of 10 nM of S'-labelled HJs and 10% glycerol. They were incubated 
for lh, stopped by the addition of 0.1% SDS and 1 mg/ml 
Proteinase K and heated for 1 h at 55°C. Unless otherwise indicated, 
Endo III was added at 200 nM final concentration immediately after 
the addition of XerC and XerD. DNA-binding assays were performed 
in the presence of 10 nM of radio-labelled probe and 10% glycerol. 
XerC and XerD were used at 150 nM and 100 nM concentration, 
respectively. Complexes were assembled during 5min at room 
temperature and analysed by electrophoresis on a 5% polyacryla- 
mide, 1 x TBE gel at 4°C. Complexes for T7 Endo I and DNase I 
footprints and for KMn0 4 assays were assembled in the presence of 
100 nM of non-specific DNA competitor. DTT was omitted for 
KMn0 4 treatment. Complexes were treated with either 1 unit of 
T7 Endo I and 5mM MgCl 2 for 2min at 37°C, 0.1 unit of DNase I 
and 5 mM MgCl 2 for 1 min at room temperature or 8 mM KMn0 4 for 
30 s at room temperature. The reactions were quenched with 
200 mM NaCl, 0.1% SDS, 25 mM EDTA, 0.5 mg/ml Proteinase K 
and 100 ug/ml glycogen, and ethanol precipitated. For KMn0 4 
treatment, the DNA was further treated with 1 M piperidine for 
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30min at 90°C and ethanol precipitated a second time. They were 
analysed on a 10% polyacrylamide DNA sequencing gel. 

Supplementary data 

Supplementary data are available at The EMBO Journal Online 
(http : / /www. embo j ournal . org) . 
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